Semiconductor photocatalysis is proven to be one of the potential approaches to solve energy crisis and environmental problems. Efficient solar energy utilization and superior charge carrier separation capacity are two crucial aspects in photocatalysis. Herein, the photocatalytic performances of the pristine and modified tungsten-based materials with mixed valence state are summarized concisely. The narrow band gap energy, coexistence of W 5+ /W 6+ and the oxygen vacancies all contribute to the pristine tungsten-based photocatalysts with unique ultraviolet (UV), visible (Vis), and near-infrared (NIR) light-induced photocatalytic activities. Furthermore, the enhanced localized surface plasmonic resonance (LSPR) effect, improved charge carrier separation efficiency and prolonged charge carrier lifetime all boost the performances of modified tungsten-based heterojunction photocatalysts. Moreover, multifunctional tungsten-based photocatalysts with mixed valence state are established to realize the full utilization of solar energy authentically. Concluding perspectives on the challenges and opportunities for the further exploration of tungsten-based photocatalysts are also presented.
Introduction
In the period of sustainable development, photocatalytic technology continues to be a promising approach in controlling the energy crisis and environmental contaminations [1] [2] [3] . The exploration of TiO 2 , ZnO, etc. and the traditional high-efficiency ultraviolet (UV) light-triggered photocatalysts never stopped. To overcome the inadequate solar light utilization of photocatalysts, several strategies such as ion doping [4, 5] , dye sensitization [6, 7] and heterostructure construction [8, 9] were proposed, and various novel photocatalysts with narrow band gap (Ag 3 PO 4 , BiVO 4 , CdS, etc.) were also investigated [10] [11] [12] [13] [14] . That is, UV-and visible (Vis)-light-active photocatalytic systems have been explored extensively. Nevertheless, the near-infrared (NIR) light that contains ~ 50% of sunlight energy still remains untapped because of its low photonic energy and intense thermal effect, which extremely restrains the solar energy conversion [15, 16] . Thus, paving a direct pathway to fully harness NIR photons is a valuable challenge for the development of photocatalytic systems.
To date, several strategies have been devoted to investigate NIR-light-induced photocatalysts: (1) employing semiconductors with a band gap of less than 1.6 eV to utilize NIR light directly, such as Ag 2 O [12, 17, 18] , WS 2 [19, 20] and Bi 2 WO 6 with oxygen vacancies [21] ; (2) introducing up-conversion materials into the traditional photocatalyst system, which converts NIR photons to Vis even UV light, and then excites the photocatalytic reactions mediately, such as NaYF 4 :Yb 3+ , Tm 3+ @TiO 2 [22, 23] , Pt/CdS/NaYF 4 :Yb 3+ , Er 3+ [24] , CQDs/Cu 2 O [25] ; and (3) NIR-light-responsive dye-sensitized photocatalyst systems, such as MgPc/Pt/ mpg-C 3 N 4 [26] and CuPc/Bi 2 MoO 6 [27] . Although these explorations reveal the possibility of further development of the NIR-light-triggered photocatalysis, some shortcomings hinder the sufficient utilization of solar light, including a narrow absorption range (808 nm or 980 nm), and low NIR to the UV/Vis conversion efficiency of up-conversion materials, as well as the high charge carrier recombination probability and the low charge carrier transfer process [12, 28, 29] . Hence, it is imperative to seek efficient and practical full-spectrum-response photocatalysts.
In recent years, a group of vacancy-rich tungsten-based materials with the general formula of M x WO 3 (M = Na + , K + , Rb + , Cs + , NH 4 + , and so on) or WO 3-x have been fully investigated as electroconductive devices [30, 31] , electrochromic materials [32] [33] [34] and NIR-shielding films [35] [36] [37] [38] [39] [40] . More importantly, these mixed valence state tungsten-based materials appear to be well-suited candidates for photocatalysis with various unique optical properties [41] [42] [43] [44] [45] [46] : (1) the narrow bandgap energy promotes their strong UV and Vis-light absorption capacities; (2) the presence of the W 5+ ion accelerates the absorption of NIR light owing to the metastable state induced photosensitive effect and localized surface plasmonic resonance (LSPR). Moreover, the conversion between W 5+ and W 6+ releases plenty of free electrons and then induces the photocatalytic performances; and (3) the existence of the oxygen vacancies constitutes localized states just below the conduction band, which greatly boosts the charge carrier transfer. The exploration and development on the mixed valence state tungsten-based material points to a new path for the development of new full-spectrum photocatalysts.
In this review, the emphasis on the single-component tungsten-based photocatalyst is introduced at first to uncover the fundamental principle of the unique photocatalytic performance. Then, we outline different tungsten-based composites to discuss the role of mixed valence state tungsten in the enhanced photocatalytic effects. Finally, multifunctional applications of the tungsten-based photocatalysts are enumerated with the aim of the directing research into these areas.
Single-component tungsten-based photocatalyst

Single-component tungsten bronze
In typical tungsten bronze M x WO 3 , the WO 6 octahedra constitute a type of layered frame structures by edge-sharing or corner-sharing connection [47, 48] . The layer is grown along the c-axis, and the solute ion M occupy in the holes or tunnels; that is to say, M is embedded in the channel of the WO 6 framework. These tunnel alkali cations in the tungsten bronzes bring various interesting proprieties, such as superconducting transition, NIR-absorbing property, and electrical conductivity [49] . Cs x WO 3 , which is formed by doping Cs + into the WO 3 lattice, has been widely investigated as the NIR-shielding materials these years, owing to its particular optical and electrical properties. Besides that, the strong Vis-light absorption capacity caused by the narrow band gap of 2.5 eV and the unique NIR-light absorption capacity generated by the LSPR both promote the optical absorption property of Cs x WO 3 in the wide range of 200-2500 nm ( Fig. 1a ) [50] . To evaluate the intrinsic photocatalytic performance of Cs x WO 3 , methylene blue (MB) degradation was carried out under respective irradiation of UV, Vis, and NIR light. As shown in Fig. 1b , it exhibited prominent photocatalytic decoloration activities no matter which kind of light irradiated. In the W 6+ and W 5+ co-existed Cs x WO 3 compound, chromophore W 5+ could be excited by the NIR light to release the electrons and converted to W 6+ (Eq. 1). Subsequently, various reactive oxygen species such as ·OH, ·O 2 − , and ·OOH are generated by trapping photogenerated electrons, and then degrade kinds of pollutions (Eqs. [2] [3] [4] . Meanwhile, W 6+ ions could react with ·OH and convert back to W 5+ , realizing a full photocatalytic circle (Eq. 5) ( Fig. 1c ). Furthermore, as a semiconductor with a narrow band gap, Cs x WO 3 could also be sensitized by UV or Vis-light and accelerate the photocatalytic decomposition of organic pollutants into non-toxic substances. Benefited from the above two factors, Cs x WO 3 possesses full-spectrum photocatalytic performance: 
Tungsten-based heterojunction
Although the single tungsten-based mixed valence state photocatalyst exhibits some full-spectrum photocatalytic capacities, its photocatalytic efficiency is still poorly compared
with other photocatalysts, which could be attributed to the high charge carrier recombination probability, so it is important to optimize the carrier dynamics [56, 57] . One of the most effective methods is to construct the heterojunction with other traditional photocatalysts properly, which can not only further improve the solar light utilization efficiency, but also restrain the recombination rate of the photogenerated charge carrier [4, 58, 59] . Basically, two different heterojunctions were proved to be efficient for enhancing the photocatalytic activity: conventional type-II heterojunction and Z-scheme heterojunction, as illustrated in Fig. 3 .
Then recent state-of-the-art accomplishments of different tungsten-based heterojunction are concisely summarized and highlighted, which is categorized through diverse forms and compositions.
Tungsten-based type-II heterojunction
The fabrication of the g-C 3 N 4 /Cs x WO 3 composite was carried out by an electrostatic attraction method [60] . Herein, to reveal the superiority of type-II heterojunction in regulating carrier dynamics, the performances and mechanism of this composite are introduced in considerable detail. As displayed in Fig. 4a , b, the tight contact between two phases greatly expedite the operation of the synergistic effect in these composites, which is proved by the photocatalytic and photoelectrocatalytic H 2 production, rhodamine B (RhB)/ phenol degradation under UV, Vis or NIR-light irradiation.
As can be seen in Fig. 4c (Fig. 4e , f), while pure g-C 3 N 4 and Cs x WO 3 show nearly no response under the same conduction. Furthermore, as shown in Fig. 4g , h, the photocurrents and the Nyquist impedance plots under different circumstances all demonstrate that the enhanced full-spectrum photocatalytic activities can be ascribed to the improvement of the charge carrier separation efficiency, indicating the synergistic effect inside the g-C 3 N 4 /Cs x WO 3 heterojunction.
In detail, the synergistic effect can be divided into various categories under different conditions. First, under UV light irradiation, both of g-C 3 N 4 and Cs x WO 3 can be excited to produce the electron-hole pairs. Driven by the conduction band (CB) and valance band (VB) potential differences, photogenerated electrons and holes transfer directionally between g-C 3 N 4 and Cs x WO 3 . In this situation, the charge separation efficiency and reactive oxygen species (·OH and ·O 2 − ) concentration are improved dramatically, which greatly promote the UV light-induced photocatalytic responses. Second, under short-wavelength Vis-light irradiation, π-π * transition occur inside g-C 3 N 4 , while Cs x WO 3 still maintains the ground state owing to its wide band gap (E g = 3.21 eV). Similar to the UV light irradiation situation, driven by the CB potential difference, the charge separation is accelerated and then realizes the efficient photocatalytic processes directly. Furthermore, when the incident light wavelength is broadened to the red region and even NIR region, the LSPR is induced inside Cs x WO 3 . In this situation, the hot electrons injected from Cs x WO 3 to g-C 3 N 4 significantly increase the electron concentration and accelerate ·O 2 − generation, while more holes are accumulated on the VB of Cs x WO 3 to degrade RhB directly, so as to enhance the Vis and NIR-light-triggered photocatalytic performance dramatically.
Similar tungsten bronze-based hybrid photocatalysts with accelerated photocatalytic activities could be detected in various type-II heterojunctions. Owing to the synergistic effect between two components, P25/(NH 4 ) x WO 3 heterojunction exhibits dramatical improvement in the photogenerated charge carrier separation efficiency, which results in the enhanced photocatalytic RhB degradation response under UV or Vis-light illumination [41] . Besides, the stepped band structure inside the heterojunction promotes the transfer of the hot electrons as soon as the NIR-light irradiates, which promotes the full-spectrum photocatalytic capacities ultimately. Ag 3 VO 4 /Rb x WO 3 nanocomposites also perform enhanced photocatalytic activities in decomposition of MB under various light illumination [62] , which are originated from the extended optical absorption in the entire UV-Vis-NIR region, intimate contact between the two semiconductors and efficient separation of photogenerated electron-hole pairs.
Tungsten-based Z-scheme heterojunction
Although the photogenerated charge carriers are separated efficiently under the driving of type-II heterojunction, the redox ability of electrons and holes is sacrificed due to the spontaneous transfer to low reduction and oxidation potentials for electrons and holes, respectively [61, 63] . In contrast, Z-scheme heterojunction endows the tungsten-based composite with more positive VB and more negative CB potentials, which possess stronger oxidative holes and reductive electrons to carry out the enhanced photocatalytic performances [59, 64, 65] .
Zhang et al. [66] reported a fascinating nonmetal plasmonic Z-scheme W 18 O 49 /g-C 3 N 4 heterostructure, which exhibits strong photon energy harvesting capacity from the UV to NIR-light region and possesses intense photocatalytic H 2 evolution activities compared with pure W 18 O 49 and pure g-C 3 N 4 ( Fig. 5a-d) . It is worth noting that pure W 18 O 49 always remains photoinertness in H 2 generation under irradiation of various light, which is restrained by its low CB potential (0.2 eV vs. normal hydrogen electrode). Upon the introduction of W 18 O 49 onto g-C 3 N 4 layers, band bending takes place between these two phases, and the electrons on the CB of W 18 O 49 flow to the VB of g-C 3 N 4 , which quench the holes to realize the "Z-scheme" charge transfer pathway. In this situation, the recombination of excitons is hindered, and the lifetime of the electrons maintained in the CB of g-C 3 N 4 is prolonged to produce much more H 2 under UV or Vis-light illumination. When NIR light irradiates, electrons stored in W 18 O 49 are excited to form the plasmonic hot electrons with high energy, which are injected to the CB of g-C 3 N 4 to reduce the protons into H 2 (Fig. 5e ). That is to say, the Z-scheme heterojunction and the LSPR-induced hot electron injection based on the Z-scheme band structure both promote the enhancement of the photocatalytic H 2 evolution, whether under irradiation of UV, Vis or NIR light.
Similar mechanisms of the enhanced photocatalytic performances are also demonstrated in other Z-scheme heterojunctions. g-C 3 N 4 @Cs x WO 3 nanocomposites show markedly enhanced photocatalytic decomposing of volatile organic compounds (VOCs, i.e., HCHO or/and toluene) under the full-spectrum of solar light irradiation [67] . Further researches prove that the spontaneous Z-scheme heterojunction greatly promotes the spatial separation of charge carriers, and the small polaron injected from localized states to CB of Cs x WO 3 results in the NIR-catalytic H + reduction. Besides, WO 2 -Na x WO 3 (x > 0.25) hybrid photocatalyst was synthesized via the high-temperature reduction of the Na x WO 3 semiconductor (x < 0.25) [68] . The coupling of these two narrow energy band semiconductors (0.6 eV for WO 2 and 1.3 eV for Na x WO 3 , respectively) urges the formation of Z-scheme heterojunction, which greatly boosts the generation of oxidizing holes and reducing electrons to carry out infrared (IR)-driven photocatalytic water splitting.
Other kinds of tungsten-based heterojunctions
Complexing tungsten-based photocatalysts with other materials to form novel heterojunctions is also an efficient pathway to adjust the charge carrier concentration and improve the fullspectrum photocatalytic activities. NaYF 4 : Yb 3+ -Er 3+ sensitized W 18 O 49 nanowires exhibit distinct improved catalytic H 2 evolution from ammonia borane (BH 3 NH 3 ) upon irradiation at the wavelength of 980 nm [69] . As shown in Fig. 6a , in this novel hierarchical heterostructure, a unique NIR-plasmonic energy up-conversion process is detected: Upon 980 nm laser excitation, the LSPR effect is triggered inside W 18 O 49 nanowires first. And then, the concentrated hot electrons transfer to adjoining NaYF 4 : Yb 3+ -Er 3+ resonantly, resulting in the enhanced upconversion luminescence. Finally, the emission with a suitable wavelength region further reacts to the LSPR effect of W 18 O 49 and enhances the catalytic H 2 evolution from BH 3 NH 3 . This synergistic effect detected between NaYF 4 : Yb 3+ -Er 3+ and W 18 O 49 offers a unique pathway to improve the photocatalytic H 2 evolution response based on the NIR-plasmonic energy transition process. Furthermore, W 18 O 49 /carbon fiber heterojunction was constructed, which employs carbon fibers as the electron mediator [70] . In datil, under the potential difference between the CB of W 18 O 49 and the fermi level of carbon fiber, plenty of NIR-light excited plasmonic hot electrons transfer from W 18 O 49 to the surface of carbon fibers (Fig. 6b ), and this ultrafast transport effectively hinders the relaxation process of the photogenerated charge carrier inside W 18 O 49 , which enhances the catalytic hydrolysis of NH 3 BH 3 for H 2 production remarkably.
In summary, different types of heterojunctions have their own advantages and disadvantages. The rational construction of the heterojunction is essential to improve the separation efficiency of the photogenerated electron-hole pairs and prolonging the carrier lifetime of the tungsten-based photocatalysts, which greatly promotes their full-spectrum photocatalytic activities in practical.
Multifunctional tungsten-based photocatalysts
Benefitted by the unique structure and the mixed valence state of tungsten, the tungsten-based materials exhibit not only great photocatalytic performances, but also various novel physical and chemical properties such as NIR-shielding Reproduced with permission from Ref. [70] Copyright 2018 Elsevier character, gas sensitive capacity, electronic conductivity, and bio-thermal therapy. Compared with other thermal blocking coatings such as indium tin oxide (ITO) [71, 72] and LaB 6 [73, 74] , tungsten-based materials show remarkably enhanced NIR-shielding ability and Vis-light transmittance, which are widely used as the smart window coating. Nevertheless, the normal tungsten-based NIR-shielding coating only transfers the absorbed NIR light into wasted heat energy, instead of making full use of solar energy [67, 75] .
Recently, some efforts are focused on the multifunctional tungsten-based photocatalysts, which couple the energy saving and environmental cleanup properties to fully exploit the solar energy. As mentioned in Sect. 3.2, the Z-scheme g-C 3 N 4 @Cs x WO 3 heterojunction is a typical multifunctional composite, which not only displays the blocking effect of UV or NIR light as well as high transmittance of Vis light (Fig. 7a ), but also demonstrates the great photocatalytic depollution ability under excitation of [75] Copyright 2016 e, f reproduced with permission from Ref. [76] Copyright 2011 Elsevier the blocked UV and NIR light (Fig. 7b ). In this case, the synergistic effect between g-C 3 N 4 and Cs x WO 3 greatly promotes the generation of the multifunctional properties, and the shielded NIR light is further utilized instead of wasting as heat, which fully utilizes the full-spectrum solar energy authentically (Fig. 7c ). Another composite manufactured by K x WO 3 and surface-fluorinated TiO 2 (F-TiO 2 ) was also highlighted owing to its multifunctional properties [75] . As summarized in Fig. 7d , driven by the synergistic effect, the F-TiO 2 -K x WO 3 composite film exhibits an outstanding NIR/UV light-shielding performance, high photocatalytic degradation activity, and excellent hydrophilic capacity. Moreover, many kinds of composites were also reported, such as Cs x WO 3 /ZnO [77] , Rb x WO 3 /ZnO [78] , and Cs x WO 3 / Nb-doped TiO 2 [79] . Beyond that, tungsten-based resistivetype gas sensors are widely used in a number of applications from health and safety to energy efficiency and emission control. Similarly, incorporating two or more gas-sensing materials to form a heterojunction interface could make drastic effects on gas sensor performances, especially the selectivity [80, 81] . As shown in Fig. 7e, f [76] .
All these multifunctional tungsten-based photocatalysts provide a novel and convenient approach to make full use of solar energy, which solve the energy crisis and deteriorating environmental issues nowadays. Meanwhile, the synergetic effect inside the tungsten-based heterojunction not only enhances the intrinsic photocatalytic properties of tungsten-based materials, but also extends their utilizing scope in human life.
Summary and outlook
Photocatalytic water splitting and pollutant degradation attract an ever-growing number of scientists to solve the environment and energy issues. Benefited from the wide absorption region from UV to NIR light and suitable band structure, M x WO 3, and WO 3-x boost full-spectrum photocatalytic performances and greatly enhance the solar energy conversion efficiency compared with the traditional UV/Vis-sensitized photocatalysts. For all this, the limited photocatalytic activity still restrains the practical application of single-component tungsten-based photocatalysts with mixed valence state. Thus far, the fabrication of mixed valence state tungsten-based heterojunctions with diverse mechanism models, including the type-II heterojunction, Z-scheme system, and other hierarchical heterostructure, further expands the utilization of solar light especially NIR light, accelerates the separation/transportation of the charge carriers, and promotes the full-spectrum photocatalytic activities substantially.
Great effort and significant progress were achieved in the investigation of the efficient tungsten-based photocatalyst with mixed valence state. However, considering the practical application prospects, there are still some challenges and opportunities of tungsten-based materials which need further investigation.
1. Clarify the photocatalytic mechanisms. A great number of WO 3-x and M x WO 3 are proven to be potential full-spectrum photocatalysts, which provides a new strategy for making full use of solar energy. However, exploring new photocatalysts with high and unique performances is the core of photocatalysis, and clarifying the inner mechanisms of the photocatalytic process is indeed the prerequisite. Inside the single-component tungsten-based materials, there is no visualized understanding of the charge carrier generation and the hot electron transfer process, which greatly limits the full play of their photocatalytic performances under solar light irradiation. Meanwhile, the in-depth explorations of the interfacial charge kinetics and the synergistically photocatalytic mechanisms inside heterostructures also should be put forward to further promote the modification of the mixed valence state tungsten-based materials. 2. Improve the photocatalytic performances. Charge thermodynamics and kinetics are highly critical in determining the solar-chemical conversion efficiency in photocatalysis, and various strategies are proposed to adjust the generation and transfer of the photogenerated electron-hole pairs in mixed valence state tungstenbased photocatalysts. Although the electrical conductivity and optical properties are well documented via ion doping, heterostructure construction, and so on, the energy band structure and LSPR of the tungsten-based materials still need to be further optimized, regulating the separation of photoexcited electron-hole pairs and the rational utilization of plasmonic hot electrons. Many improvements are proposed like the controllable synthesis of tungsten-based materials with the unique morphology or specific crystal facet, surface modification by noble metal or cocatalyst, oxygen vacancy, and W 5+ /W 6+ proportion regulation in the tungsten-based materials. 3. Develop the practical multifunctional applications. To date, a wide variety of physical-chemical properties of tungsten-based materials have been reported, and some multifunctional tungsten bronze/WO 3-x -based photocatalysts are constructed successfully. Even though, it is still essential to explore novel multifunctional materials via combining with other traditional functional materials, which paves the way to achieve the better synergistic effect and broaden their application scope. More importantly, the present researches on the mixed valence state tungsten-based materials still remain in the laboratory stage. Several aspects including large-scale and low-cost processability, long-term stability and corrosion resistance in harsh environments should be taken into account in practical applications. All in all, there is a long and wide way to fully explore the unique multifunctional properties of tungsten-based photocatalysts.
